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Abstract

:

Nanostructured oxides (SiO2, TiO2) were synthesized using the sol–gel method and modified with noble metal nanoparticles (Pt, Au) and ruthenium dye to enhance light harvesting and promote the photogeneration of reactive oxygen species, namely singlet oxygen (1O2) and hydroxyl radical (•OH). The resulting nanostructures were embedded in a transparent polyvinyl alcohol (PVA) hydrogel. Morphological and structural characterization of the bare and modified oxides was performed using scanning electron microscopy (SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM), UV–Vis spectroscopy, and X-ray photoelectron spectroscopy (XPS). Additionally, electrokinetic potential measurements were conducted. Crystallinity data and elemental analysis of the investigated systems were obtained through X-ray diffraction and X-ray fluorescence analyses, while the chemical state of the elements was determined using XPS. The engineered materials, both as simple powders and embedded in the hydrogel, were evaluated for their ability to generate reactive oxygen species (ROS) under visible and simulated solar light irradiation to establish a correlation with their antibacterial activity against Staphylococcus aureus. The generation of singlet oxygen (1O2) by the samples under visible light exposure can be of significant importance for their potential use in biomedical applications.
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1. Introduction


In the last few decades, the global economic boom has triggered a tremendous search for better healthcare solutions and the preservation of quality of life, especially in densely populated communities where intensive natural resource usage has had an impact. One of the key challenges that emerged during this time was the increasing resistance of bacteria to antibiotics and the aggressive nature of cancer. Overcoming these challenges requires the validation of new antibacterial and theranostic agents.



Extensive research has been conducted to explore the interaction between inorganic materials, such as oxides and metals with endogenous compounds and living systems. The aim is to develop biocompatible nanostructures that can serve as safe implants or prosthetics and effective agents against various microbial strains. Among these materials, SiO2 and TiO2 have already demonstrated their biocompatibility and have been used as carriers for bioactive compounds such as drugs [1], enzymes [2,3,4], biological markers [5], and various implants [6,7]. However, to endow engineered SiO2 and TiO2 matrices with antimicrobial properties for biomedical applications, suitable synthesis conditions, modifiers/additives, and appropriate dispersion media for the powders are required.



In this regard, hydrogels based on polyvinyl alcohol (PVA) show promising properties as they can be used to embed oxide powders dedicated to the biomedical field. PVA is non-toxic, biocompatible [8], biodegradable [9,10], and transparent [11], making it an ideal candidate for such purposes. The transparency becomes particularly crucial when incorporating light-sensitive materials like TiO2, where its antibacterial properties are investigated not only in the dark but also upon exposure to light [12]. Furthermore, the incorporation of noble metal nanoparticles allows for the modulation of the antimicrobial reactivity of oxide matrices. Several studies have focused on metal nanoparticles and their effects on bacterial strains [13,14,15,16,17,18], providing valuable insights into antibacterial mechanisms [19], which are often modulated by surface plasmon resonance phenomena [20,21,22,23] when exposed to light.



The primary research focus of this work is the development of SiO2 and TiO2-based materials capable of displaying antimicrobial mechanisms both in the absence and presence of light. To accomplish this, the oxide matrices will undergo modification by incorporating noble metal nanoparticles such as Au, Pt, and ruthenizer, followed by their embedding in a PVA hydrogel.



Despite an abundance of information on microbial survival/extinction on engineered inorganic materials, predominantly metal, and metal oxide nanoparticles [24], a comprehensive understanding of reliable antimicrobial mechanisms, both with and without light irradiation, remains a challenge due to the varying responses of microbial strains to different environmental conditions. Generally, the action mechanisms of inorganic nanoparticles in the absence of light are evaluated based on the following factors: (a) ion release [25], (b) surface defects that mediate the generation of reactive oxygen species (ROS), and (c) bacterial cell damage [26]. When exposed to light, increased attention is given to photogenerated ROS, particularly oxygen singlet, which can serve as an antibacterial or theranostic agent [27]. For biomedical applications, including photodynamic therapy, various photosensitizers such as porphyrins [27,28], dispersed in different media like hydrogels [29], are employed to provide oxygen singlet. However, continuous efforts are being made to validate new organic compounds [30,31] for singlet oxygen generation, although many of these compounds are expensive and susceptible to physiological enzymatic activity. Therefore, developing more stable and affordable compounds that fulfill the desired functionality is crucial.



One such material may be SiO2, which has primarily been used as a support for other active species without being recognized for its intrinsic activity [32]. Nonetheless, our previous studies on highly defected SiO2 with tubular morphology have revealed unexpected photocatalytic activity [33,34,35] and the ability to generate singlet oxygen under solar irradiation [35]. Herein, this activity was further investigated with visible light exposure and by using modifiers, as well as by comparing with TiO2-based samples. Cell viability of S. aureus has been monitored in the presence of modified SiO2 and TiO2 powders with gold, platinum, and ruthenium dye, before and after embedding in PVA hydrogel. The antibacterial tests were carried out both in darkness and under light exposure to examine the functional characteristics of light-sensitive materials (SiO2 and TiO2-based samples). Specifically, visible light irradiation and D2O were used to favor singlet oxygen generation, whereas the presence of hydroxyl radicals should be more pronounced in aqueous media under solar irradiation.



The aim of this study is to establish the effectiveness of bare and modified SiO2 and TiO2 powders, either in their standalone form or when incorporated into PVA hydrogels, as valuable antibacterial agents under dark and light exposure conditions. To achieve this, SiO2 nanotubes and TiO2 nanoparticles were synthesized using the sol–gel method, and further modified with ruthenium dye and noble metal nanoparticles (Au and Pt), with glutathione serving as a capping agent. The functional characterization of the synthesized samples was performed by monitoring the photogeneration of reactive oxygen species (hydroxyl radical and singlet oxygen) and conducting antibacterial assays against S. aureus in both dark and light-exposed conditions.




2. Results and Discussion


2.1. Electron Microscopy Characterization


Figure 1a,b show SiO2 tubes reaching hundreds of micrometers in length and variable diameters from nano to micrometric range together with spherical particles located on their external surface, in line with our previously reported data [33,34,35]. Together with tubular morphology, the other structural and functional particularities (optical activity, singlet oxygen generation) of this atypical SiO2 are expected to be displayed. Figure 1c,d present the TiO2 nanoparticles about 20–40 nm, sticking together and developing big aggregates.



Conventional TEM (CTEM) images (Figure 2) show the SiO2 with tubular morphology (Figure 2a) after modification with Au and Pt. The powders modified with Au (AuSiO2 sample) have lengths ranging from 2.3 to 15.7 μm and diameters from 110 nm to 820 nm. The size of Au nanoparticles, as illustrated in Figure 2b, varies from 60 nm to 120 nm. The SiO2 tube modified with Pt (PtSiO2 sample) shown in Figure 2c, has a length of 2.6 μm and a diameter of 0.9 μm. The size of Pt nanoparticles (Figure 2d) ranges from 4 nm to 63 nm. TEM also reveals that SiO2 tubes are amorphous in both samples.



In the case of Au-modified TiO2 material (AuTiO2 sample), only nanoparticles are present after TiO2 modification, as illustrated by the CTEM image (Figure 2e). The size of these nanoparticles varies from 7 nm to 29 nm. The high-resolution TEM (HRTEM) image (Figure 2f) demonstrates that the nanoparticles are well crystallized and characteristic anatase atomic planes are visible: 3.5Å corresponding to (101) planes, 2.3Å corresponding to (004) planes. The size of Au nanoparticles ranges from 80 nm to 210 nm. The CTEM image (Figure 2g) obtained for Pt-modified TiO2 material (PtTiO2 sample) shows two types of morphology: sheets and nanowires. The nanowires have lengths ranging from 0.6 μm to 2.7 μm and diameters from 20 nm to 108 nm. These are crystallized into an anatase structure as demonstrated by the HRTEM image (Figure 2h) where (101) and (200) planes are visible. The size of Pt nanoparticles (indicated by white arrows in Figure 2g) ranges from 17 nm to 93 nm.




2.2. AFM Characterization


AFM investigations (Figure 3) were conducted to explore the morphology of the samples not characterized by other methods, namely: the hydrogel film and the free Au, Pt nanoparticles NPs (unsupported on SiO2 and TiO2 matrices).



Figure 3a presents the morphology of the prepared hydrogel, as seen in topographic images recorded by AFM at the scale of (2 μm × 2 μm). It can be observed that the surface of the hydrogel consists of a random agglomeration of material in the form of hills alternating with valleys (inter-hills free spaces), resulting in a height difference of a few tens of nanometers in the z-direction. For example, the line scan presented in Figure 3b suggests a height difference of approximately 25 nm (ranging from −10 to +15 nm). The entire scanned area shown in Figure 3a exhibits the following corrugation parameters: an RMS roughness (Rq) of 11.6 nm and a peak-to-valley (Rpv) of 147.4 nm. Figure 3c,e show the morphology of the Au and Pt nanoparticles. Both samples were prepared by their dispersion in ultra-pure water, followed by drop deposition on clean microscopic glass substrates. The AuNPs, exhibited in Figure 3c, have particles with diameters ranging from a few tens of nanometers, such as 30 nm, up to approximately 200 nm. However, most of the AuNPs shown in Figure 3c have a diameter of around 100 nm (consistent with the corresponding line scan plotted in Figure 3d. The PtNPs (Figure 3e) tend to cluster in bunches with cauliflower-like structures, with diameters in the range of 200–300 nm. The constituent particles within these bunches have a mean diameter of less than 50 nm (Figure 3e), also noticeable in the line profile from Figure 3f, indicating that each large particle (each peak) is composed of smaller neighboring particles, resulting in a “modulated” profile. The AFM characterization of Au and Pt-modified TiO2 and SiO2 powders is presented in Figures S1–S3 from Supplementary Materials.




2.3. XRD and XRF Characterization


XRD and XRF analyses were performed to confirm the presence of the dopants in the TiO2 and SiO2 matrices, revealing the existence of Au and Pt crystalline phases in the samples. Figure 4a,b display the diffractograms of Au-doped and Pt-doped samples, respectively. Two crystalline phases were observed in the Au-doped TiO2 (AuTiO2) sample: metallic Au and anatase TiO2. The Au and anatase phases were identified based on the ICDD file no. 4-0784 and no. 21-1272, respectively. The RIR method was employed to calculate the quantity of Au relative to anatase TiO2 and was estimated to be 1.92%.



The Au-doped SiO2 sample (AuSiO2) contains a metallic Au phase and an amorphous SiO2 matrix. The PtSiO2 sample, on the other hand, turned out to be similar to the AuSiO2 sample, with an amorphous SiO2 matrix and a metallic Pt phase detected by XRD using ICDD file no. 4-0802. The amount of platinum identified by XRF analysis was 0.46% by mass. The Pt-TiO2 sample was noted to have a complex composition, with the identification of anatase TiO2, Pt, and two sodium titanates (Na2Ti6O13 and Na4Ti5O12) based on ICDD files nos. 14-0277 and 37-0273, respectively. Additionally, a small amount of NaCl was detected. The XRF analysis of the PtTiO2 sample indicated a platinum quantity of 0.74% by mass. According to the XRD analysis, the crystallite sizes of metals are: 10 nm AuTiO2, 27 nm AuSiO2, 18 nm PtTiO2, and 14 nm PtSiO2.




2.4. X-ray Photoelectron Spectroscopy


Figure 5 illustrates the high-resolution spectra for the elements (Si2p, Ti2p, Au4f, Pt4f, and C1s) in the samples: AuSiO2 (Figure 5a–d), PtSiO2 (Figure 5e–h), AuTiO2 (Figure 5i–l), and PtTiO2 (Figure 5m–p).



The registered XPS lines are assigned according to Table 1.




2.5. UV–Vis Characterization


In order to reveal the light absorptive properties of the investigated materials, the UV–Vis characterization was performed on SiO2 and TiO2 samples before and after their modification as well as for PVA-based gels containing the mentioned powders. Accordingly, the UV–Vis spectra were recorded for the following samples (Table 2).



The spectra were recorded between 200 and 1000 nm (Figure 6a,d) and represent the gel-containing samples in the 200–400 nm (Figure 6b,e) and 400–1000 nm (Figure 6c,f) for a better evaluation of their light absorptive properties in the UV and Vis domains.



Tubular SiO2 (SiO2 sample) shows a broad absorption band spanning from the UV to the visible domain (300–600 nm, Figure 6a), which is amplified by modifiers and red-shifted. The presence of gold (AuSiO2 sample) induces the appearance of the surface plasmon resonance phenomenon (peak centered at 550 nm), while the addition of ruthenizer (RSiO2 sample) results in a maximum absorption peak around 520 nm. Furthermore, platinum nanoparticles (PtSiO2 sample) significantly enhance the light absorption capacity of the sample. The TiO2 sample exhibits an absorption edge at around 400 nm. These considerations also apply to the TiO2-based samples, where the presence of gold (AuTiO2 sample) and ruthenizer (RTiO2 sample) is marked by well-defined peaks in the visible domain. In the case of gold, there is a slight red shift relative to SiO2.



Except for the silica modified with ruthenizer and embedded in gel (GRSiO2 sample), the light absorption in the UV domain of the gel-containing powders occurs between 200 and 250 nm and is lower (Figure 6b,e) than for the bare gel (Gel sample) but higher than for the oxide powders in their standalone form. Although the PVA-DMSO (dimethyl sulfoxide) gel proved significant transparency in the range of 400–700 nm [11], the powders embedded in gels show no light absorption in the visible domain (Figure 6c,f).




2.6. ROS Photogeneration


	i.

	
Generation of hydroxyl radicals (•OH) under light irradiation







The presence of hydroxyl radicals (•OH) was checked in a coumarin aqueous solution containing the samples of interest (powders or gels) and exposed to simulated solar light. The same tests have been performed for visible light irradiation, but all the investigated samples proved to be without activity. In the case of solar light utilization, some active samples generate (•OH) that leads after reaction with coumarin to the umbelliferone formation, a fluorescent product signaled by a PL emission at 451 nm for λexc = 330 nm [34].



No significant activity for the SiO2-based samples was registered, with only small amounts of hydroxyl radicals being produced after 30 min of irradiation by the AuSiO2 powder sample (Figure 7a). Also, the GSiO2 sample (SiO2 embedded in PVA gel) proved a slight tendency in this sense, probably due to the gel properties (Supplementary Information—Figure S4). TiO2-based samples show a higher capacity to generate hydroxyl radicals under solar irradiation, according to the sequence TiO2 > PtTiO2 >RTiO2 > AuTiO2 (Figure 7b–e) but this disappears after mixing with gel (Supplementary Information—Figure S4). The PVA gel produces only traces of •OH (Figure 7f).



Hydroxyl radical is known as a powerful oxidant agent, acting on various organic biomolecules [12,36]. Accordingly, the identified samples as •OH providers under solar light exposure could act as antibacterial agents too.



	ii.

	
Generation of Singlet Oxygen (1O2) under visible irradiation (λ > 420 nm) monitored by using Singlet Oxygen Sensor (SOSG) λexc = 480 nm







The generation of oxygen singlet particularly for applications in the biomedical field, especially such as photodynamic therapy, has received significant interest. The target samples, when exposed to a methanolic solution of SOSG, produce photogenerated oxygen singlet (1O2), leading to the formation of endoperoxide. This process is indicated by a peak in photoluminescence (PL) emission around 530 nm. The time course of 1O2 generation by SiO2 powder is illustrated in Figure 8a, clearly showing an increasing amount over time. While the addition of ruthenizer does not contribute to singlet oxygen generation (Figure 8b), the incorporation of gold greatly enhances this process (Figure 8c).



The oxygen singlet generation by the highly defected SiO2 was previously reported by our group [35] but the discovery of its improvement through the addition of gold is a novel finding. Unlike this, modification with gold of the TiO2 does not significantly change its activity (Figure 8f) but a small increase in 1O2 generation is obtained for the ruthenizer-modified TiO2 (RTiO2 sample) (Figure 8e). Our previous work also reported the TiO2 ability to generate oxygen singlet under visible irradiation without improvements brought by Au and Ag nanoparticles [37].



Since 1O2 induces bio-membrane degradation [12], a correlation of these data with the antibacterial activity is of great importance for practical applications. The PVA (gel sample) shows a significant activity for 1O2 generation (Figure 8g).




2.7. Electrokinetic Potential Measurements


Electrokinetic potential measurements are meant to investigate the charged surface of the engineered nanoparticles in water and the presumable interaction with bacterial cell surface that usually bears a negative net charge at pH 7. Table 3 shows the negative zeta potential for both oxide powders (SiO2 and TiO2) that shift positively by mixing with gel whose zeta potential is quite close to 0. The experiments were made in triplicates.



The modification of SiO2 with metals results in a decrease in zeta potential values, with platinum-modified SiO2 (PtSiO2) reaching as low as −60 mV. In contrast, the addition of metals to the TiO2 samples increases the potential values. Based on these findings, it can be inferred that the surface charge of the gel and gel containing TiO2 powders is closest to establishing contact with bacterial cells.




2.8. Antibacterial Activity Assays of the Investigated Samples against S. aureus


2.8.1. Antibacterial Activity Assays in Dark


The antibacterial activity assay of the investigated samples against S. aureus is presented in Figure 9. Figure 9a allows comparing the antimicrobial activity of the investigated samples in the dark, leading to a hierarchization of the target materials. Both unmodified SiO2 and TiO2 samples show insignificant antibacterial activity (Figure 9a) which is consistent with the reported data [24]. The lowest cellular viability relative to the control (S. aureus) was registered for the PtTiO2 sample, the gel embedding of PtTiO2 powder has a lower antibacterial effect. Therefore, the notable reduction in microbial growth induced by the Pt-TiO2 sample (Figure 9a) can be assigned to the presence of platinum nanoparticles in the TiO2 matrix and to their interaction. The antibacterial activity of platinum nanoparticles against Gram-negative and Gram-positive bacteria (such as E. coli and S. aureus) is well-documented [15,16,18,38]. Ahmed et al. [17] reported the use of PtNPs 2–5 nm in size for reducing bacterial cell viability through reactive oxygen species (ROS) production and membrane integrity loss. But, according to Aygun et al. [18], ROS formation can also be induced in mammalian cells by the platinum nanoparticles, and their use for therapeutic purposes requires more data.



Supplementary data are provided in Figure 9b concerning the antibacterial effect of PtTiO2-based materials in the dark. A sharp decrease in logarithm in colony-forming units is depicted for PtTiO2 powder when increased the inorganic material amount (from 0.001–0.004 g). Also, the gel sample proves intrinsic antibacterial activity, therefore enhancing the antibacterial effect of the embedded PtTiO2 powder. Table 3 indicates a negative electrokinetic potential for the PtTiO2 material, suggesting that bacterial cell adhesion to the PtTiO2 sample could be hindered. Thus, it is reasonable to assume that other antibacterial mechanisms, such as reactive oxygen species (ROS) generation and ion release, are at play. Unlike this, the antibacterial effect of PtSiO2 material is almost insignificant, the morphological and structural properties of the deposited metal nanoparticles proving to be dependent on the support characteristics. Although it has lower antibacterial reactivity, AuTiO2 seems to be closer to PtTiO2. The unsupported Au nanoparticles also emphasize antibacterial activity in the dark, the accumulation of AuNPs on the cell wall, their diffusion, and the resulting cell lysis is more pronounced in Gram-negative (E. Coli) than in Gram-positive bacteria (S. aureus) [15,39].




2.8.2. Antibacterial Activity Assays under Light Exposure


According to Figure 10a, bacterial cell viability is primarily reduced in the presence of a TiO2 sample exposed to solar light irradiation. This aligns with the findings in Figure 7b which confirms the ability of TiO2 to photogenerate hydroxyl radicals. The formation of singlet oxygen is also conceivable, considering that the cell culture medium contains both D2O and H2O. The TiO2-based powders exhibit superior activity compared to the SiO2 ones. While adding gel to bare TiO2 does not provide any benefits, it leads to a slight decrease in cell viability for its derivative samples (GAuTiO2, GRTiO2). The gels containing SiO2-based materials show better activity than free powders under solar light exposure.



Figure 10b particularly highlights the antibacterial activity of SiO2 and AuSiO2 samples against S. aureus under visible light irradiation. Since SiO2 does not exhibit any antibacterial activity in dark conditions, this behavior can be attributed to the photo generation of the reactive oxygen species. Figure 8a,c confirms that SiO2 but especially the AuSiO2 sample produce oxygen singlet when exposed to visible light. The enhanced singlet oxygen production was achieved using D2O instead of H2O, which generally acts as a quencher for singlet oxygen. By incorporating gold nanoparticles as modifiers in the SiO2 matrix, an improvement in light absorption and activation of surface defects was achieved, leading to increased singlet oxygen production as the primary antibacterial mechanism. The ruthenizer used as a sensitizer in the case of TiO2 samples proves to be efficient too.



Comparing Figure 10a,b, a better antibacterial activity of the bare SiO2 appears under visible compared to solar light irradiation. This may initially seem contradictory since, by exposure to solar irradiation, SiO2 can utilize the light energy in the UV range (corresponding to the solar spectrum), not only from the visible spectrum. However, this result can be explained by the higher production of singlet oxygen, favored during the tests containing only D2O (without water). Unlike this, under solar light exposure, hydroxyl radicals are predominantly generated, which explains the higher activity of the TiO2 sample (Figure 10a). The antibacterial assays conducted under visible light exposure and depicted in Figure 10b, indicate the addition of gold to silica as the best modification for oxide matrices. Despite the enhanced light absorption, the addition of ruthenizer does not significantly reduce microbial growth observed for SiO2. In the case of TiO2, the decrease in cell viability with the increase in the modified sample (0.001–0.004 g RTiO2) can be due to the presence of a ruthenizer.



Therefore, several additional considerations can be made regarding the AuSiO2 sample when exposed to light. UV–Vis measurements reveal that the bare oxides (SiO2 and TiO2) exhibit light absorption properties that cover the UV–Vis and UV domains. The modification of these matrices with metals increases light absorption and induces surface plasmon resonance, consistent with the reported literature [40,41]. The presence of gold is observed in both SiO2 and TiO2 but its effect on enhancing oxygen singlet generation is only evident in the case of Au-SiO2 sample. This observation aligns well with the antibacterial activity exhibited by the AuSiO2 sample against S. aureus under visible light irradiation. In this case, the antibacterial assay was conducted in the presence of D2O, without H2O, to specifically highlight the formation of singlet oxygen. Consequently, the better antibacterial effect observed for the AuSiO2 sample can be attributed to the presence of singlet oxygen which is promoted by the presence of gold in the SiO2 matrix. The bioactivity of gold nanoparticles is well-established and extensively studied [42,43].



This result is significant as it demonstrates the improvement in oxygen singlet photogeneration compared to the bare sample and it is achieved under visible light irradiation, unlike similar studies that employ UV irradiation for both SiO2 and TiO2 [12].



Although many silica-based materials have been tested for their antimicrobial properties [44,45], various modifiers have been used since the bare SiO2 did not indicate intrinsic antimicrobial properties, neither in dark [46,47,48] nor under light exposure [49]. Based on these considerations, it can be assumed an advance in the biomaterials field triggered by this result: the endowing of an inactive material, namely SiO2, with antibacterial properties by exposing it to visible light irradiation. More than that, the antibacterial capacity can be increased by modifying the SiO2 matrix with gold nanoparticles due to the singlet oxygen generation. This aspect is all the more important as it is known the ability of metal nanoparticles to induce oxidative stress on the bacterial cell, the singlet oxygen is responsible to a greater extent for cell damage than the super anion radical and hydrogen peroxide (endogenous antioxidants can easier reduce their effect) [19].






3. Conclusions


The present work highlights the development of an efficient antibacterial agent against S. aureus in the dark, specifically PtTiO2 powder. This goal is achieved by modifying previously synthesized sol–gel TiO2 nanoparticles with glutathione-capped platinum nanoparticles. Additionally, the obtained PVA hydrogel exhibits intrinsic antibacterial activity and acts as an effective dispersive medium for the PtTiO2 powder, enhancing its antibacterial behavior.



The results of antibacterial assays conducted under visible light irradiation reveal the potential of highly defected SiO2 with tubular morphology as an optically active material capable of reducing the cell viability of S. aureus through the photogeneration of singlet oxygen. Moreover, the antibacterial properties of SiO2 can be further improved by modifying its matrix with glutathione-capped gold nanoparticles.



These findings represent significant progress towards SiO2 and AuSiO2 applications in the biomedical field (e.g., photodynamic therapy) owing to their ability to generate singlet oxygen under visible light irradiation.




4. Materials and Methods


4.1. Synthesis of Materials


4.1.1. Synthesis of SiO2 and TiO2 Matrices


SiO2 with tubular morphology was synthesized by using a modified sol–gel method, according to previously reported works [33,34,35]. DL tartaric acid (TA, Riedel de Häen, Buchs SG, Switzerland) was dissolved in ethanol absolute (99.5% Merck) and ultrapure water. For the template formation, namely ammonium tartrate, gaseous ammonia was bubbled in the above-mentioned mixture. TEOS (tetraorthosilicate, 99%, AlfaAesar) was slowly added according to the molar ratio: 1 TEOS/0.035 TA/21.5 C2H5OH/18 H2O. The resulting gel was filtered, dried, and thermally treated in air at 500 °C for 3 h.



TiO2 nanoparticles were obtained by sol–gel method using titanium isopropoxide (97%, Aldrich, Steinheim, Germany) and 2, 4-Pentanedione (Alfa Aesar, Karlsruhe, Germany) according to the reported paper [50]. The gel aging was allowed before drying and thermal treatment at 400 °C, in air, for 1 h. Subsequent hydrothermal treatment was applied in order to increase the defect concentration, as follows: the obtained powder was introduced in an autoclave containing hydrazine monohydrate (N2H4×H2O 98%, Alfa Aesar) and aqueous solution of NaOH (Alfa Aesar) for 1 h at 140 °C.




4.1.2. Glutathione Capped Gold Nanoparticles


They were obtained by adapting the synthesis route reported by Wu et al. [51]. Gold (III) chloride trihydrate (HAuCl4×3H2O ACS reagent > 49% Au) was dissolved in ultrapure water Millie-Q system, >18 MΩcm (24 mM) and kept at 0 °C under stirring.



L-Glutathione reduced (GSH, > 98%, Carl Roth, 0.2 mmol) was dissolved in 100 mL ultrapure water Millie-Q system, >18 MΩcm, and slowly added to the gold solution. The clear mixture was kept under gentle stirring for 1 h. Sodium borohydride solution (NaBH4 Sigma-Aldrich, 12 wt. % in 14 M NaOH) was added to the above-mentioned mixture that changes into a dark red solution that is added after 24 h to the annealed SiO2 and TiO2 powders. These are dried (30 min, 100 °C) and then thermally treated in the air for 3 h at 600 °C.




4.1.3. Glutathione Capped Platinum Nanoparticles


They were obtained by adapting the synthesis route reported by Eklund [52]. Chloroplatinic acid hexahydrate (H2PtCl6×6H2O, Sigma-Aldrich) was dissolved in ultrapure water (12 mM) and subjected to a similar procedure to the previous one. Unlike that, the aqueous mixture GSH—H2PtCl6 turns in yellow color when added NaBH4 solution.




4.1.4. Modification of SiO2 and TiO2 with Ruthenium Dye


Ruthenizer (535-bis TBA from Solaronix, Aubonne, Switzerland) was used to obtain the sensitized oxides (RSiO2 and RTiO2) for increasing the generation of singlet oxygen under light irradiation. In this sense, Ruthenizer (0.0005 g in 0.5 mL ultrapure water) was added to 0.015 g annealed oxide powders (SiO2, TiO2) and then dried at 60 °C.




4.1.5. PVA Hydrogel Synthesis


It follows the route reported by Hou et al. [11]. Briefly, 0.04 g Poly (vinyl alcohol) powder (Sigma-Aldrich, 80% hydrolyzed) was dissolved in 1 mL dimethyl sulfoxide (DMSO, Life Technologies, MW 78.13) and 0.5 mL H2O/D2O). In the case of gel samples exposed to visible light irradiation (for oxygen singlet checking), H2O is replaced by D2O. For UV–Vis characterization, 0.02 g oxide powder (bare and modified SiO2 and TiO2) is added to the freshly prepared gel aliquots (2 mL), and for antibacterial tests 0.001 g oxide powder is mixed with 10 μL gel sample. The resulting mixtures are gently shaken for 30 min.





4.2. Characterization of Materials


4.2.1. Electron Microscopy Characterization


SEM images have been recorded with an FEI Quanta 3D microscope, FEG model. Morpho-structural characterization was carried out using JEM ARM200F Analytical Transmission Electron Microscope (JEOL Ltd., Tokyo, Japan).




4.2.2. AFM Characterization


Atomic force microscopy (AFM) measurements were performed with a microscope produced by Park Systems (XE-100 model) working in non-contact mode. The microscope allows obtaining accurate images due to its configuration, namely decoupled XY/Z, flexure-guided cross talk eliminated scanners. In all AFM experiments sharp tips with less than 10 nm radius of curvature, ~125 μm length, ~30 μm width, ~42N/m force constant, and ~330 kHz resonance frequency (NCHR, Nanosensors™) were used. The AFM images were processed with the XEI program (v 1.8.0—Park Systems, Suwon, Korea) for thermal tilt correction and roughness assessment. The root mean squared roughness (Rq) represents the standard deviation of the height value in the image and the peak-to-valley parameter (Rpv) means the height difference between minimum and maximum. The AFM images are presented in classic mode (monochrome z-scale gradient) accompanied by representative line scans (plot of random line scans, each AFM image consisting of 256 lines) which show the surface profile in detail.




4.2.3. XRD and XRF Measurements


The Rigaku Ultima IV multipurpose diffraction system (Rigaku Corp., Tokyo, Japan) was used to obtain XRD patterns, employing a Cu-target tube (λ = 1.54060 Å). The working conditions included 30 mA and 40 kV, and the data were collected at room temperature within a 2θ range of 5 to 85°, with a step size of 0.02° and a scan rate of 2°/min. For the elemental analysis of the materials (XRF measurement), the Rigaku ZSX Primus II spectrometer (Rigaku Corp., Tokyo, Japan) with wavelength dispersion in a vacuum was utilized. Rigaku’s SQX analytical software was employed for semi-quantitative standardless analysis to compute the chemical composition of the samples.




4.2.4. XPS Characterization


XPS investigations were performed using a SPECS spectrometer with a PHOIBOS (150) analyzer equipped with non-monochromatized Mg Kα (1253.6 eV) X-rays anode radiation source operated at 300 W. Wide and detail spectra were registered at pressures lower than 2 × 10−9 mbar, pass energy of 50 eV and 20 eV. The C1s peak was set at 285.00 eV for the binding energy scale. The spectra were fitted using Voigt peak profiles and a linear or a Shirley background (depending on shape), using the SDP v7.0 software (XPS International, Salem, Oregon, United States).




4.2.5. Diffuse Reflectance UV–Vis Characterization


Diffuse reflectance UV–Vis spectra were obtained using a spectrophotometer Perkin Elmer Lambda 35, equipped with an integrating sphere. The measurements were carried out in the range of 1100–250 nm, using Spectralon as a reference. The reflectance measurements were converted to absorption spectra using the Kubelka–Munk function, F(R). For determining the UV–Vis light absorption properties of the gels, the scattered transmission was measured using the same instrument (Perkin Elmer, Lambda 35). The sample was placed in micro-cuvettes (Brand: 12.5 mm × 12.5 mm × 45 mm, center height: 8.5 mm, 230–900 nm, Roth) and introduced in the transmission port of the integrating sphere. The transmitted and forward scattered light was collected and measured by the sphere (during the measurements the Spectralon was placed in the reflectance port of the instrument).




4.2.6. Monitoring of ROS Photogeneration


	(i)

	
Singlet oxygen (1O2) formation under visible light exposure







Target samples (0.001 g powder or 0.5 mL gel) were suspended in methanolic solution of SOSG (Singlet Oxygen Sensor Green–Thermo Fisher Scientific/Invitrogen) contained by quartz cuvettes and exposed to visible irradiation (provided by a Peccel solar simulator equipped with cut off filter λ > 420 nm Asahi Spectra). The photogenerated oxygen singlet reacts with a SOSG component leading to the endoperoxide formation signaled by the appearance of the photoluminescence peak around 530 nm [35,53,54] (λexc = 480 nm, excitation and emission slits 2.5/2.5). This is depicted with a Carry Eclipse fluorescence spectrometer, Agilent Technologies.



	(ii)

	
Hydroxyl radicals (•OH) generation under simulated solar light







The samples of interest (0.001 g powder or 0.5 mL gel) were suspended in a coumarin solution (10 mM, Merck) and exposed to simulated solar irradiation (Peccel Solar Simulator, Tokyo, Japan). The photogenerated hydroxyl radicals react with coumarin leading to the formation of a fluorescent product, umbelliferone, that is evaluated according to a characteristic PL emission peak from 450 nm for λexc = 330 nm [55,56] (excitation and emission slits 5/10, Carry Eclipse fluorescence spectrometer).




4.2.7. Electrokinetic Potential Measurements


Electrokinetic potential measurements have been performed on a Malvern Nano ZS Zetasizer, Model ZEN 3600 at room temperature. The measurements were performed in triplicate, the values being averaged.




4.2.8. Antibacterial Activity


The antimicrobial activity of the investigated samples (powders and gels containing powders) was assessed against the bacterial strain Staphylococcus (S.aureus ATCC 29213). The bacterial strain was grown in LB liquid medium (g/L: peptone 10 g, NaCl 5 g, yeast extract 5 g, pH 6) together with the samples of interest (under light exposure or in dark, at 37 °C).



Firstly, the cell growth in the dark was evaluated by measuring the optical density (OD) at 600 nm with the multireader Bio Tek Synergy HTX, Agilent US. All tests were performed in triplicate.



To highlight the dependence of the bacterial cells’ viability after 24 h on the sample characteristics and testing conditions (type of irradiation, powder amount), the decimal dilutions assay was performed. The successive decimal dilutions (1:10 v/v) are necessary to obtain a less dense suspension that is scattered on solid nutritional broth. After incubation on optimal conditions (37 °C, 18–24 h) the number of isolated colonies is counted, and the UFC/mL value is determined by multiplying with the dilution factor (Ben-David A, 2014). S. aureus ATCC 29213 grown in LB liquid broth was used as control. For samples exposed to visible light irradiation, the bacterial cell culture contained D2O instead of H2O and for solar irradiation contained D2O and H2O.
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Author Contributions


Conceptualization, C.A., M.A., M.Z. and I.B.; methodology, D.P., M.A., A.S., I.S., M.Z. and I.B.; formal analysis, C.A., S.P. and J.C.-M.; investigation, D.P., M.A., V.B., V.-A.M., C.N., D.M., J.C.-M., S.P., I.C.G. and R.I.; data curation, D.P., M.A., V.B., V.-A.M., C.N., D.M., J.C.-M., S.P., I.C.G., R.I., I.S., C.A., M.Z. and I.B.; writing—original draft preparation, C.A., S.P., D.P. and M.A.; writing—review and editing, C.A., S.P. and M.A.; visualization, I.S., M.Z. and I.B; supervision, I.S., M.Z. and I.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data were included in the manuscript. Supplementary information can be obtained by request to the corresponding authors.




Acknowledgments


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rao, L.; Meng, Q.-F.; Huang, Q.; Liu, P.; Bu, L.-L.; Kondamareddy, K.K.; Guo, S.-S.; Liu, W.; Zhao, X.-Z. Photocatalytic Degradation of Cell Membrane Coatings for Controlled Drug Release. Adv. Healthc. Mater. 2016, 5, 1420–1427. [Google Scholar] [CrossRef]

	



Kumar, A.; Park, G.D.; Patel, S.K.S.; Kondaveeti, S.; Otari, S.; Anwar, M.Z.; Kalia, V.C.; Singh, Y.; Kim, S.C.; Cho, B.-K.; et al. SiO2 Microparticles with Carbon Nanotube-Derived Mesopores as an Efficient Support for Enzyme Immobilization. Chem. Eng. J. 2019, 359, 1252–1264. [Google Scholar] [CrossRef]

	



Lele, B.S.; Russell, A.J. Enhancing Enzyme Stability Against TiO2-UV Induced Inactivation. Biomacromolecules 2005, 6, 475–482. [Google Scholar] [CrossRef]

	



Ma, J.; Zhang, M.; Su, W.; Wu, B.; Yang, Z.; Wang, X.; Qiao, B.; Pei, H.; Tu, J.; Chen, D.; et al. Photoelectrochemical Enzyme Biosensor Based on TiO2 Nanorod/TiO2 Quantum Dot/Polydopamine/Glucose Oxidase Composites with Strong Visible-Light Response. Langmuir 2022, 38, 751–761. [Google Scholar] [CrossRef]

	



Wang, Z.; Yang, H.; Wang, M.; Petti, L.; Jiang, T.; Jia, Z.; Xie, S.; Zhou, J. SERS-Based Multiplex Immunoassay of Tumor Markers Using Double SiO2@Ag Immune Probes and Gold-Film Hemisphere Array Immune Substrate. Colloids Surf. Physicochem. Eng. Asp. 2018, 546, 48–58. [Google Scholar] [CrossRef]

	



Zhang, L.; Ning, C.; Zhou, T.; Liu, X.; Yeung, K.W.K.; Zhang, T.; Xu, Z.; Wang, X.; Wu, S.; Chu, P.K. Polymeric Nanoarchitectures on Ti-Based Implants for Antibacterial Applications. ACS Appl. Mater. Interfaces 2014, 6, 17323–17345. [Google Scholar] [CrossRef]

	



Vandamme, K.; Thevissen, K.; Mesquita, M.F.; Coropciuc, R.-G.; Agbaje, J.; Thevissen, P.; da Silva, W.J.; Vleugels, J.; De Cremer, K.; Gerits, E.; et al. Implant Functionalization with Mesoporous Silica: A Promising Antibacterial Strategy, but Does Such an Implant Osseointegrate? Clin. Exp. Dent. Res. 2021, 7, 502–511. [Google Scholar] [CrossRef] [PubMed]

	



Alexandre, N.; Ribeiro, J.; Gärtner, A.; Pereira, T.; Amorim, I.; Fragoso, J.; Lopes, A.; Fernandes, J.; Costa, E.; Santos-Silva, A.; et al. Biocompatibility and Hemocompatibility of Polyvinyl Alcohol Hydrogel Used for Vascular Grafting—In Vitro and in Vivo Studies. J. Biomed. Mater. Res. A 2014, 102, 4262–4275. [Google Scholar] [CrossRef]

	



Rodríguez-Rodríguez, R.; Espinosa-Andrews, H.; Velasquillo-Martínez, C.; García-Carvajal, Z.Y. Composite Hydrogels Based on Gelatin, Chitosan and Polyvinyl Alcohol to Biomedical Applications: A Review. Int. J. Polym. Mater. Polym. Biomater. 2020, 69, 1–20. [Google Scholar] [CrossRef]

	



Kobayashi, M.; Hyu, H.S. Development and Evaluation of Polyvinyl Alcohol-Hydrogels as an Artificial Atrticular Cartilage for Orthopedic Implants. Materials 2010, 3, 2753–2771. [Google Scholar] [CrossRef]

	



Hou, Y.; Chen, C.; Liu, K.; Tu, Y.; Zhang, L.; Li, Y. Preparation of PVA Hydrogel with High-Transparence and Investigations of Its Transparent Mechanism. RSC Adv. 2015, 5, 24023–24030. [Google Scholar] [CrossRef]

	



Li, Y.; Zhang, W.; Niu, J.; Chen, Y. Mechanism of Photogenerated Reactive Oxygen Species and Correlation with the Antibacterial Properties of Engineered Metal-Oxide Nanoparticles. ACS Nano 2012, 6, 5164–5173. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.F.; Li, J.P.; Qian, K.; Xu, W.P.; Lu, Y.; Huang, W.X.; Yu, S.H. Large Scale Photochemical Synthesis of M@TiO2 Nanocomposites (M = Ag, Pd, Au, Pt) and Their Optical Properties, CO Oxidation Performance, and Antibacterial Effect. Nano Res. 2010, 3, 244–255. [Google Scholar] [CrossRef]

	



My-Thao Nguyen, T.; Anh-Thu Nguyen, T.; Tuong-Van Pham, N.; Ly, Q.-V.; Thuy-Quynh Tran, T.; Thach, T.-D.; Nguyen, C.-L.; Banh, K.-S.; Le, V.-D.; Nguyen, L.-P.; et al. Biosynthesis of metallic nanoparticles from waste Passiflora edulis peels for their antibacterial effect and catalytic activity. Arab. J. Chem. 2021, 14, 103096. [Google Scholar] [CrossRef]

	



Behzad, F.; Naghib, S.M.; Kouhbanani, M.A.J.; Tabatabaei, S.N.; Zare, Y.; Rhee, K.Y. An overview of the plant-mediated green synthesis of noble metal nanoparticles for antibacterial applications. J. Ind. Eng. Chem. 2021, 94, 92–104. [Google Scholar] [CrossRef]

	



Jeyaraj, M.; Gurunathan, S.; Qasim, M.; Kan, M.-H.; Kim, J.-H. A Comprehensive review on the synthesis, characterization, and biomedical application of platinum nanoparticles. Nanomaterials 2019, 9, 1719. [Google Scholar] [CrossRef]

	



Ahmed, K.B.A.; Raman, T.; Anbazhagan, V. Platinum nanoparticles inhibit bacteria proliferation and rescue zebrafish from bacterial infection. RSC Adv. 2016, 6, 44415. [Google Scholar] [CrossRef]

	



Aygun, A.; Gülbagca, F.; Ozer, L.Y.; Ustaoglu, B.; Altunoglu, Y.C.; Baloglu, M.C.; Atalar, M.N.; Alma, M.H.; Sen, F. Biological synthesis of silver nanoparticles using Rheum ribes and evaluation of their anticarcinogenic and antimicrobial potential: A novel approach in phytonanotechnology. J. Pharm. Biomed. Anal. 2020, 179, 112961. [Google Scholar] [CrossRef] [PubMed]

	



Shaikh, S.; Nazam, N.; Mohd, S.; Rizvi, D.; Ahmad, K.; Baig, M.H.; Lee, E.J.; Choi, I. Mechanistic insights into the antimicrobial actions of metallic nanoparticles and their implications for multidrug resistance. Int. J. Mol. Sci. 2019, 20, 2468. [Google Scholar] [CrossRef] [PubMed]

	



Tian, Y.; Tatsuma, T. Mechanisms and Applications of Plasmon-Induced Charge Separation at TiO2 Films Loaded with Gold Nanoparticles. J. Am. Chem. Soc. 2005, 127, 7632–7637. [Google Scholar] [CrossRef] [PubMed]

	



Buso, D.; Pacifico, J.; Martucci, A.; Mulvaney, P. Gold-Nanoparticle-Doped TiO2 Semiconductor Thin Films: Optical Characterization. Adv. Funct. Mater. 2007, 17, 347–354. [Google Scholar] [CrossRef]

	



Vankayala, R.; Sagadevan, A.; Vijayaraghavan, P.; Kuo, C.-L.; Hwang, K.C. Metal Nanoparticles Sensitize the Formation of Singlet Oxygen. Angew. Chem. Int. Ed. 2011, 50, 10640–10644. [Google Scholar] [CrossRef]

	



Farooq, S.; de Araujo, R.E. Identifying High Performance Gold Nanoshells for Singlet Oxygen Generation Enhancement. Photodiagnosis Photodyn. Ther. 2021, 35, 102466. [Google Scholar] [CrossRef]

	



Hajipour, M.J.; Fromm, K.M.; Akbar Ashkarran, A.; Jimenez de Aberasturi, D.; de Larramendi, I.R.; Rojo, T.; Serpooshan, V.; Parak, W.J.; Mahmoudi, M. Antibacterial Properties of Nanoparticles. Trends Biotechnol. 2012, 30, 499–511. [Google Scholar] [CrossRef]

	



Joe, A.; Park, S.-H.; Shim, K.-D.; Kim, D.-J.; Jhee, K.-H.; Lee, H.-W.; Heo, C.-H.; Kim, H.-M.; Jang, E.-S. Antibacterial Mechanism of ZnO Nanoparticles under Dark Conditions. J. Ind. Eng. Chem. 2017, 45, 430–439. [Google Scholar] [CrossRef]

	



Chwalibog, A.; Sawosz, E.; Hotowy, A.; Szeliga, J.; Mitura, S.; Mitura, K.; Grodzik, M.; Orlowski, P.; Sokolowska, A. Visualization of Interaction between Inorganic Nanoparticles and Bacteria or Fungi. Int. J. Nanomedicine 2010, 5, 1085–1094. [Google Scholar] [CrossRef] [PubMed]

	



Maisch, T.; Baier, J.; Franz, B.; Maier, M.; Landthaler, M.; Szeimies, R.-M.; Bäumler, W. The Role of Singlet Oxygen and Oxygen Concentration in Photodynamic Inactivation of Bacteria. Proc. Natl. Acad. Sci. USA 2007, 104, 7223–7228. [Google Scholar] [CrossRef] [PubMed]

	



Socoteanu, R.; Boscencu, R.; Manda, G.; Anastasescu, M.; Neagoe, I.V.; Machado, I.F.; Dinca, O.; Bucur, A.; Ferreira, L.F.V. Morphologic evaluation of some promising A3B porphyrinic type compounds designed for theranostic applications in cancer. Chem. Phys. 2021, 544, 111115. [Google Scholar] [CrossRef]

	



De Baróid, Á.T.; McCoy, C.P.; Craig, R.A.; Carson, L.; Andrews, G.P.; Jones, D.S.; Gorman, S.P. Optimization of Singlet Oxygen Production from Photosensitizer-Incorporated, Medically Relevant Hydrogels. J. Biomed. Mater. Res. B Appl. Biomater. 2017, 105, 320–326. [Google Scholar] [CrossRef]

	



Vázquez-Ortega, F.; Lagunes, I.; Trigos, Á. Cosmetic Dyes as Potential Photosensitizers of Singlet Oxygen Generation. Dyes Pigments 2020, 176, 108248. [Google Scholar] [CrossRef]

	



Bokare, A.D.; Choi, W. Singlet-Oxygen Generation in Alkaline Periodate Solution. Environ. Sci. Technol. 2015, 49, 14392–14400. [Google Scholar] [CrossRef]

	



Wang, C.; Makvandi, P.; Zare, E.N.; Tay, F.R.; Niu, L. Advances in Antimicrobial Organic and Inorganic Nanocompounds in Biomedicine. Adv. Ther. 2020, 3, 2000024. [Google Scholar] [CrossRef]

	



Anastasescu, C.; Zaharescu, M.; Balint, I. Unexpected Photocatalytic Activity of Simple and Platinum Modified Tubular SiO2 for the Oxidation of Oxalic Acid to CO2. Catal. Lett. 2009, 132, 81–86. [Google Scholar] [CrossRef]

	



Anastasescu, C.; Zaharescu, M.; Angelescu, D.; Munteanu, C.; Bratan, V.; Spataru, T.; Negrila, C.; Spataru, N.; Balint, I. Defect-Related Light Absorption, Photoluminiscence and Photocatalytic Activity of SiO2 with Tubular Morphology. Sol. Energy Mater. Sol. Cells 2017, 159, 325–335. [Google Scholar] [CrossRef]

	



Anastasescu, C.; Negrila, C.; Angelescu, D.G.; Atkinson, I.; Anastasescu, M.; Spataru, N.; Zaharescu, M.; Balint, I. Particularities of Photocatalysis and Formation of Reactive Oxygen Species on Insulators and Semiconductors: Cases of SiO2, TiO2 and Their Composite SiO2–TiO2. Catal. Sci. Technol. 2018, 8, 5657–5668. [Google Scholar] [CrossRef]

	



Du, J.; Gebicki, J.M. Proteins are Major Initial Cell Targets of Hydroxyl Free Radicals. Int. J. Biochem. Cell Biol. 2004, 36, 2334–2343. [Google Scholar] [CrossRef] [PubMed]

	



Chifor, E.; Bordeianu, I.; Anastasescu, C.; Calderon-Moreno, J.M.; Bratan, V.; Eftemie, D.-I.; Anastasescu, M.; Preda, S.; Plavan, G.; Pelinescu, D.; et al. Bioactive coatings based on nanostructured TiO2 modified with noble metal nanoparticles and lysozyme for Ti dental implants. Nanomaterials 2022, 12, 3186. [Google Scholar] [CrossRef]

	



Rajendran, S.; Santhana Prabha, S.; Joseph Rathish, R.; Singh, G.; Al-Hashem, A. Antibacterial Activity of Platinum Nanoparticles. In Nanotoxicity: Prevention and Antibacterial Applications of Nanomaterials; Elsevier: Amsterdam, The Netherlands, 2020; pp. 275–281. ISBN 978-0-12-819943-5. [Google Scholar]

	



Vimalraj, S.; Ashokkumar, T.; Saravanan, S. Biogenic gold nanoparticles synthesis mediated by Mangifera indica seed aqueous extracts exhibits antibacterial, anticancer and anti-angiogenic properties. Biomed. Pharmacother. 2018, 105, 440–448. [Google Scholar] [CrossRef]

	



Loiseau, A.; Asila, V.; Boitel-Aullen, G.; Lam, M.; Salmain, M.; Boujday, S. Silver-based plasmonic nanoparticles for and their use in biosensing. Biosensors 2019, 9, 78. [Google Scholar] [CrossRef]

	



Yaqoob, A.A.; Umar, K.; Mohamad Ibrahim, M.N. Silver nanoparticles: Various methods of synthesis, size affecting factors and their potential applications—A review. Appl. Nanosci. 2020, 10, 1369–1378. [Google Scholar] [CrossRef]

	



Zhang, L.; Mazouzi, Y.; Salmain, M.; Liedberg, B.; Boujday, S. Antibody-gold nanoparticle bioconjugates for biosensors: Synthesis, characterization and selected applications. Biosens. Bioelectr. 2020, 165, 112370. [Google Scholar] [CrossRef] [PubMed]

	



Saravanakumar, K.; Anand Mariadoss, A.V.; Sathiyaseelan, A.; Wang, M.-H. Synthesis and characterization of nano-chitosan capped gold nanoparticles with multifunctional bioactive properties. Int. J. Biol. Macromolec. 2020, 165, 747–757. [Google Scholar] [CrossRef]

	



Tian, B.; Liu, Y. Antibacterial applications and safety issues of silica-based materials: A review. Int. J. Appl. Ceram. Technol. 2021, 18, 289–301. [Google Scholar] [CrossRef]

	



Fonseca, S.; Cayer, M.-P.; Tanvir Ahmmed, K.M.; Khadem-Mohtaram, N.; Charette, S.J.; Brouard, D. Characterization of the antibacterial activity of an SiO2 nanoparticular coating to prevent bacterial contamination in blood products. Antibiotics 2022, 11, 107. [Google Scholar] [CrossRef] [PubMed]

	



Sapkota, K.; Chaudhary, P.; Han, S.S. Environmentally sustainable route to SiO2@Au–Ag nanocomposites for biomedical and catalytic applications. RSC Adv. 2018, 8, 31311. [Google Scholar] [CrossRef] [PubMed]

	



Gankhuyag, S.; Bae, D.S.; Lee, K.; Lee, S. One-pot synthesis of SiO2@Ag mesoporous nanoparticle coating for inhibition of Escherichia coli bacteria on various surfaces. Nanomaterials 2021, 11, 549. [Google Scholar] [CrossRef]

	



Kumar, S.; Jain, A.; Panwar, S.; Sharma, I.; Jeon, H.C.; Kang, T.W.; Choubey, R.K. Effect of silica on the ZnS nanoparticles for stable and sustainable antibacterial application. Int. J. Appl. Ceram. Technol. 2019, 16, 531–540. [Google Scholar] [CrossRef]

	



Hou, Y.-X.; Abdullah, H.; Kuo, D.-H.; Leu, S.-J.; Gultom, N.S.; Su, C.-H. A comparison study of SiO2/nano metal oxide composite sphere for antibacterial application. Compos. B Eng. 2018, 133, 166–176. [Google Scholar] [CrossRef]

	



Anastasescu, C.; Spataru, N.; Culita, D.; Atkinson, I.; Spataru, T.; Bratan, V.; Munteanu, C.; Anastasescu, M.; Negrila, C.; Balint, I. Chemically assembled light harvesting CuOx-TiO2 p–n heterostructures. Chem. Eng. J. 2015, 281, 303–311. [Google Scholar] [CrossRef]

	



Wu, Z.; Chen, J.; Jin, R. One-pot synthesis of Au 25 (SG) 18 2- and 4-nm gold nanoparticles and comparison of their size-dependent properties. Adv. Funct. Mater. 2011, 21, 177–183. [Google Scholar] [CrossRef]

	



Eklund, S.E.; Cliffel, D.E. Synthesis and catalytic properties of soluble platinum nanoparticles protected by a thiol monolayer. Langmuir 2004, 20, 6012–6018. [Google Scholar] [CrossRef] [PubMed]

	



Pibiri, I.; Buscemi, S.; Piccionello, A.P.; Pace, A. Photochemically produced singlet oxygen: Applications and perspectives. ChemPhotoChem 2018, 2, 535–547. [Google Scholar] [CrossRef]

	



Ràgas, X.; Jiménez-Garcia, A.; Batlori, X.; Nonell, S. Singlet oxygen photosensitisation by the fluorescent probe Singlet Oxygen Sensor Green. Chem. Commun. 2009, 20, 2920–2922. [Google Scholar] [CrossRef] [PubMed]

	



Hirano, K.; Kobayashi, T. Coumarin fluorometry to quantitatively detectable OH radicals in ultrasound aqueous medium. Ultrason. Sonochem. 2016, 30, 18–27. [Google Scholar] [CrossRef] [PubMed]

	



Leandri, V.; Gardner, J.M.; Jonsson, M. Coumarin as a quantitative probe for hydroxyl radical formation in heterogeneous photocatalysis. Phys. Chem. C 2019, 123, 6667–6674. [Google Scholar] [CrossRef]








[image: Gels 09 00650 g001 550] 





Figure 1. SEM images of bare SiO2 with tubular morphology (a)—scale bar 10 μm and (b)—scale bar 20 μm and, respectively, TiO2 nanoparticles (c)—scale bar 400 nm and (d)—scale bar 1 μm, before deposition of metal nanoparticles. 
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Figure 2. CTEM and HRTEM images of the SiO2 and TiO2 powder modified with metal nanoparticles: AuSiO2 (a)-scale bar 500 nm, (b)-scale bar 200 nm; PtSiO2 (c)-scale bar 500 nm, (d)-scale bar 200 nm; AuTiO2 (e)-scale bar 200 nm, (f)-scale bar 20 nm; PtTiO2 (g)-scale bar 500 nm, (h)-scale bar 20 nm. 
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Figure 3. Topographic 2D AFM image, scanned over an area of (2 μm × 2 μm) of the prepared hydrogel, (a) together with a random height vs. distance plot (b); of the AuNPs (c) accompanied by a line-scan characteristic for the AuNPs (d); of the PtNPs (e) alongside with the corresponding profile (line-scan) of the PtNPs (f). 
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Figure 4. XRD patterns of the samples; (a) Au- and (b) Pt-doped samples. 
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Figure 5. XPS high-resolution spectra (Si2p, O1s, C1s, Au4f, and Pt4f lines) registered for the samples: Au-SiO2 (a–d), Pt-SiO2 (e–h), Au-TiO2 (i–l), and Pt-TiO2 (m–p). 
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Figure 6. Comparative UV–Vis spectra of bare and modified SiO2 and TiO2 powders also embedded in PVA gel: SiO2-based powders in the range of 200–1000 nm (a), gels containing powders based on SiO2 in the range of 200–400 nm (b), gels containing powders based on SiO2 in the range of 400–1000 nm (c), TiO2-based powders in the range of 200–1000 nm (d), gels containing powders based on TiO2 in the range of 200–400 nm (e), gels containing powders based on TiO2 in the range of 400–1000 nm (f). 
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Figure 7. The generation of the hydroxyl radicals under simulated solar irradiation in the presence of: AuSiO2 powder (a), AuTiO2 powder (b), PtTiO2 powder (c), RTiO2 powder (d), AuTiO2 powder (e), PVA gel (f). 
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Figure 8. Monitoring of singlet oxygen generation under visible light irradiation by using Singlet Oxygen Sensor (SOSG), λexc = 480 nm, in the presence of: SiO2 powder (a), RSiO2 powder (b), AuSiO2 powder (c), TiO2 powder (d), RTiO2 powder (e), AuTiO2 powder (f), PVA gel (g). 
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Figure 9. Antibacterial activity of all investigated samples (0.001 g) against S. aureus in the dark, quantified as the optical density (a); cell viability (logarithm of the colony forming units) over gel sample and different amounts of PtTiO2 materials, in standalone forms or embedded in gel (b). The experiments were made in triplicates. 
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Figure 10. Antibacterial activity of the selected samples (0.001 g) against S. aureus under solar light exposure (AM 1.5) for 30 min (a); antibacterial activity of the selected samples (0.001 g and 0.004 g) under visible light exposure (λ > 420 nm) for 30 min (b). The experiments were made in triplicates. 
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Table 1. The assignments of the XPS lines.
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	Sample
	Si2p/Ti2p
	O1s
	C1s
	Au4f/Pt4f





	AuSiO2
	Peak A

103 eV-assigned to

Si4+state

(SiO2)

(Figure 5a)
	Peak A-531.60 eV

-assigned to:

bonds with carbon, adsorbed oxygen, and sodium carbonates

Peak B-533.04 eV

-assigned to

oxygen in SiO2

Peak C-535.46 eV

-assigned to

Na Auger

(Figure 5b)
	Peak A-284.77 eV

-assigned to:

C-C and C-H bonds

Peak B-286.26 eV

-assigned to

C-O bonds

PeakC-287.52 eV

-assigned to:

C=O and O-C-O bonds

Peak D 288.99 eV

-assigned to:

O-C=O (COOH, COOR) bonds

(Figure 5c)
	Au4f

-assigned to a small amount of Au on the surface of the sample

(Figure 5d)



	PtSiO2
	Peak A

103 eV -assigned to

Si4+state

(SiO2)

(Figure 5e)
	Peak A 531.49 eV

-assigned to:

metal hydroxide (NaOH), O=C bonds, molecularly adsorbed oxygen

PeakB 532.98 eV

-assigned to oxygen in SiO2

bonds with carbon

Peak C 536.40 eV

-assigned to

Na Auger

(Figure 5f)
	Peak A 285.00 eV

-assigned to:

C-C and C-H bonds

PeakC- 286.27 eV

PeakC- 288.69 eV

-assigned to:

C-O and O-C=O bonds

(Figure 5g)
	A-B doublet

(71.3;74.61eV)

-assigned to

metallic Pt

PeakC-

75.12 eV

-assigned to the

loss from Na 2s

(Figure 5h)



	AuTiO2
	Peak A

464.35 eV

Peak A

458.59 eV

(2p3/2;2p1/2)

-assigned to

Ti in TiO2

(Figure 5i)
	Peak A-529.90 eV

-assigned to

oxygen chemical states bonded in TiO2

Peak B-531.53 eV

-assigned to:

O=C (adsorbed) bonds, the presence of metal hydroxide (NaOH)

Peak C-532.64 eV

-assigned to

O-C bonds

Peak D-535.20 eV

-assigned to

Na Auger transition (Figure 5j)
	Peak A 284.84 eV

-assigned to:

C-C and C-H bonds

Peak B 286.16 eV

-assigned to

C-O bonds

Peak C 288.42 eV

-assigned to

O-C=O (COOH and COOR) bonds

(Figure 5k)
	Au4f

Peak A

83.03 eV

Peak B

88.66 eV

(4f7/2; 4f5/2)

-the binding energy is lower than that of ordinary metal, suggesting that Au receives electrons.

(Figure 5l)



	PtTiO2
	Peak A

464.46 eV

Peak A

458.69 eV

(2p3/2;2p1/2)

-assigned to

Ti in TiO2

(Figure 5m)
	Peak A 530.17 eV

-assigned to oxygen chemical states bonded in TiO2

Peak B 531.17 eV

-assigned to: O=C bonds; metal hydroxide (NaOH)

Peak C 532.31 eV

-assigned to

O-C bonds

Peak D 534.51 eV

-assigned to

Na Auger transition

(Figure 5n)
	Peak A 285 eV

-assigned to:

C-C and C-H bonds

Peak B 285.77 eV

-assigned to

C-O bonds

Peak C 287.52 eV

Peak D 289.03 eV

-assigned to:

O-C-O, O-C=O (COOH and COOR) bonds

(Figure 5o)
	A-B doublet

(70.4; 73.7 eV)

-assigned to

metallic Pt (suggesting an induced negativity)

C-D doublet

(72.1, 75.6 eV)

-assigned to

Pt(OH)2 or a Pt sub-oxide

F-E doublet

(74.3; 77.6 eV)

-assigned to

PtO and PtO2.

(Figure 5p)
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Table 2. Nomenclature of the samples.






Table 2. Nomenclature of the samples.





	
Powder

	
SiO2

	
AuSiO2

	
PtSiO2

	
* RSiO2

	
TiO2

	
AuTiO2

	
PtTiO2

	
* RTiO2






	
PVA gel containing

oxide powders

	
GSiO2

	
GAuSiO2

	
GPtSiO2

	
GRSiO2

	
GTiO2

	
GAuTiO2

	
GPtTiO2

	
GRTiO2




	
PVA gel

	
Gel (G)








* RSiO2 and RTiO2 denote the powders modified with ruthenizer.
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Table 3. Electrokinetic potential values for SiO2 and TiO2-based powders in standalone form and embedded in PVA gel.
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	Powder

Samples
	Electrokinetic

Potential (mV)
	Gel Embedding

Powder Samples
	Electrokinetic

Potential (mV)





	
	
	Gel
	−1.10



	SiO2
	−14.60
	GSiO2
	−6.00



	AuSiO2
	−17.73
	GAuSiO2
	−4.81



	PtSiO2
	−60.43
	GPtSiO2
	−18.00



	RSiO2
	−17.40
	GRSiO2
	−7.58



	TiO2
	−30.00
	GRTiO2
	–0.99



	AuTiO2
	−17.63
	GAuTiO2
	−2.07



	PtTiO2
	−25.60
	GPtTiO2
	−4.61



	RTiO2
	−15.33
	GRTiO2
	−0.99
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